Objective-During inflammation, P-selectin expressed on activated endothelial cells and platelets mediates rolling adhesion of leukocytes. Atherosclerosis-prone mice crossed with P-selectin-deficient (Selp −/− ) mice develop smaller lesions. Cytokines, such as tumor necrosis factor-α, increase Selp transcripts and augment atherosclerosis in mice. However, they decrease SELP transcripts in humans, challenging assumptions that human P-selectin is atherogenic. We used mice expressing a human SELP transgene to examine the atherogenic role of P-selectin.
A therosclerosis is a chronic inflammatory disorder of the arterial wall. 1 An early event is the recruitment of circulating monocytes. These cells differentiate into macrophages and become foam cells on engulfing excessive lipids. During physiological inflammation, adhesion receptors and chemokines enable leukocytes to adhere to and migrate through postcapillary venules. 2 Selectin-ligand interactions mediate leukocyte rolling. 3 Integrin-ligand interactions slow rolling velocities and promote leukocyte arrest, intraluminal crawling, and transendothelial migration in response to chemokine gradients. 2 In murine models of atherosclerosis, adhesion receptors and chemokines are thought to direct monocyte recruitment into arteries. 4 As in humans, this occurs primarily at bifurcation sites where lower and oscillatory shear stresses permit leukocyte adhesion. 5 Mice lacking selectins, selectin ligands, leukocyte integrins, integrin ligands, chemokine receptors, or chemokines that interact with monocytes are protected from atherosclerosis to varying degrees. 4 However, extrapolation of these data to human atherosclerosis remains uncertain. 6 In both mice and humans, P-selectin is constitutively expressed by platelets and venular endothelial cells. 3 It is stored in the membranes of α-granules of platelets and Weibel-Palade bodies of endothelial cells. Agonists, such as thrombin, histamine, or oxygen-derived radicals, rapidly induce translocation of P-selectin to the plasma membrane, where it interacts with P-selectin glycoprotein ligand-1 on neutrophils, monocytes, and effector lymphocytes to initiate rolling. 7 Thus, P-selectin is one of the earliest mediators of acute inflammation. In mice and all other nonprimate mammals that have been studied, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), or bacterial lipopolysaccharide markedly increases mRNA and protein for P-selectin, [8] [9] [10] [11] [12] [13] supporting a prominent role for P-selectin in chronic and acute inflammation. TNF-α is a major contributor to murine atherosclerosis, 14 perhaps in part by augmenting expression of P-selectin. P-selectin-deficient (Selp −/− ) mice bred with apolipoprotein E-deficient (Apoe −/− ) mice or with low-density lipoprotein (LDL) receptor-deficient (Ldlr −/− ) mice develop smaller atherosclerotic lesions than control mice. [15] [16] [17] [18] Bone marrow transplantation experiments suggest that P-selectin on nonhematopoietic presumably endothelial cells contributes more to atherosclerosis than P-selectin on hematopoietic cells. 19 However, infusion of activated platelets initiates atherosclerosis, in part through P-selectin, 20, 21 and it was reported that macrophages in murine atheromas express P-selectin. 22 These combined data support an important role for P-selectin in murine atherogenesis.
Nevertheless, significant differences in the inducible expression of P-selectin in mice and humans reduce confidence in whether P-selectin contributes to human atherosclerosis. Unlike in mice, TNF-α, IL-1β, or lipopolysaccharide decreases rather than increases mRNA for P-selectin in humans and in nonhuman primates. [23] [24] [25] The altered response to these mediators is primarily because of sequence differences in the proximal promoter of the human SELP gene, which lacks the binding sites for nuclear factor-κB and activating transcription factor-2 that are in the murine Selp promoter. [26] [27] [28] [29] [30] In vitro, oxidized LDL increases expression of SELP mRNA and P-selectin protein in human aortic endothelial cells, 31 and oncostatin M, IL-4, IL-13, or substance P increases SELP mRNA or P-selectin protein in human umbilical vein endothelial cells or human dermal microvascular endothelial cells. 24, 32, 33 Whether these mediators augment P-selectin expression in vivo has not been determined. Expression of P-selectin was observed in endothelial cells overlying human atheromas but not in macrophages within the lesions. 31, 34 Whether P-selectin has a causal role in human atherogenesis has not been examined.
Transgenic mice bearing the entire human SELP gene constitutively express human P-selectin in platelets and venular endothelial cells, which after mobilization to the cell surface mediates rolling of murine leukocytes. 35 TNF-α or lipopolysaccharide infused into transgenic mice that retain the endogenous Selp gene markedly increases mRNA for murine P-selectin but decreases mRNA for human P-selectin in many organs. 35 Thus, the basal and inducible expression of the SELP transgene recapitulates that of the native gene in humans. Here, we crossed the transgenic mice with Apoe −/− mice to directly examine the role of human P-selectin in atherosclerosis.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Apoe −/− Selp −/− TgSELP +/− Mice Develop Larger Atherosclerotic Plaques Than Apoe −/− Selp −/− Mice
We previously generated transgenic mice that express the entire human SELP gene comprising all 17 exons and 16 introns plus 70 kb of 5ʹ flanking sequence and 29 kb of 3ʹ flanking sequence. Quantitative polymerase chain reaction documented a single copy of the transgene. 35 We crossed mice expressing 2 human SELP alleles (TgSELP +/+ ) or mice expressing 1 human SELP allele (TgSELP +/− ) with Selp −/− mice to generate mice expressing human but not murine P-selectin (Selp −/− TgSELP +/− or Selp −/− TgSELP +/+ ). 35 
Aortic Endothelial Cells in Apoe −/− Selp −/− TgSELP +/− Mice Express Human P-Selectin Before Weaning and After 16-Week Western Diet
We used confocal immunofluorescence microscopy to probe expression of human P-selectin in aortas. Goat polyclonal IgG that recognizes both human and murine P-selectin 30, 36 identified human P-selectin in endothelial cells overlying aortic root plaques of Apoe −/− Selp −/− TgSELP +/− mice after 16 weeks on a Western diet ( Figure 4A ). The staining was specific for human P-selectin because no staining was observed in endothelial cells overlying plaques of Apoe −/− Selp −/− mice ( Figure 4B ). We also noted staining for murine P-selectin in endothelial cells overlying aortic root plaques of Apoe −/− mice ( Figure 4C ). Expression of P-selectin on platelets was excluded by negative staining with antibody to the platelet marker CD41 (integrin αIIb subunit; Figure 4D ) although the antibody readily colocalized CD41 with P-selectin in platelet-rich venous thrombi from wild-type mice ( Figure 4E ). We observed no staining for human or murine P-selectin in lesional macrophages ( Figure 4A and 4C) . Resident macrophages (F4/80 hi CD11b hi ICAM-2 hi ) 37,38 from the peritoneum of Apoe −/− Selp −/− TgSELP +/− or Apoe −/− mice expressed human or murine P-selectin, respectively ( Figure II in the online-only Data Supplement). In both genotypes, however, inflammatory macrophages (F4/80 int CD11b int ICAM-2 lo ) 37, 38 recovered from the peritoneum after challenge with thioglycollate did not express P-selectin ( Figure II in the online-only Data Supplement). We next asked whether aortic endothelial cells in Apoe −/− Selp −/− TgSELP +/− mice upregulate expression of human P-selectin at an even earlier age. We consistently observed staining for human P-selectin in aortic root endothelial cells of 3-to 4-week-old Apoe −/− Selp −/− TgSELP +/− pups before weaning ( Figure 4F ). In contrast, we observed no staining for human P-selectin in aortic root endothelial cells of 3to 4-week-old Selp −/− TgSELP +/− pups ( Figure 4G ). Unlike the staining for human P-selectin, we observed no staining for murine P-selectin in aortic root endothelial cells of Apoe −/− pups ( Figure 4H ) or of wild-type pups ( Figure 4I ). These data suggest that hyperlipidemia from ingestion of Apoe −/− maternal milk is sufficient to trigger inappropriate expression of human P-selectin, but not murine P-selectin, in aortic endothelial cells of weanlings before overt atherosclerosis develops. To further test this hypothesis, we quantified mRNA encoding human P-selectin, murine P-selectin, and murine E-selectin in aortas of 3-to 4-week-old Apoe −/− Selp +/− TgSELP +/− and Selp +/− TgSELP +/− weanlings. Human SELP transcripts were ≈3fold higher in Apoe −/− Selp +/− TgSELP +/− weanlings than in Sel p +/− TgSELP +/− weanlings ( Figure 5A ). In contrast, the relative levels of murine Selp and Sele transcripts were equivalent in weanlings of both genotypes. Human SELP transcripts in aortas of Apoe −/− Selp +/− TgSELP +/− mice remained nearly constant during 16 weeks on a Western diet, whereas murine Selp and Sele transcripts progressively increased ( Figure 5B ). These data demonstrate that the Apoe −/− background upregulates human SELP expression in aortic endothelial cells before weaning, consistent with a causal role for human P-selectin early in atherogenesis.
Human P-Selectin on Both Platelets and Endothelial Cells Is Required to Promote Atherosclerosis
We used bone marrow transplantation to examine the relative contributions of human P-selectin on hematopoietic and nonhematopoietic cells to atherosclerosis. At the age of 6 weeks, Figure 6A ) and in the aortic root ( Figure 6B) were equivalent in the ko-ko, ko-tg, and tg-ko groups but were significantly larger in the tg-tg group. These results indicate that human P-selectin from either hematopoietic cells (presumably platelets) or nonhematopoietic cells (presumably endothelial cells) is insufficient to augment lesion area. Instead, human P-selectin from both cellular origins is required to promote atherogenesis.
Discussion
Our results demonstrate that expression of human SELP augments atherosclerosis in Apoe −/− mice (Figures 1-3 ). This effect requires human P-selectin on both platelets and endothelial cells ( Figure 6 ). Apoe −/− weanlings have elevated plasma cholesterol levels, which progressively increase after transfer to a high fat/cholesterol diet. 39 The hyperlipidemic environment is likely responsible for the early pathological expression of human P-selectin in aortic endothelial cells of Apoe −/− Selp −/− TgSELP +/− weanlings and its persistent expression in aortic endothelial cells of Apoe −/− Selp −/− TgSELP +/− mice on the Western diet ( Figure 4 ). Our data are consistent with expression of P-selectin in arterial endothelial cells overlying human atheromas, strengthening the clinical relevance of our model. 31, 34 Expression of human P-selectin on the endothelium may facilitate recruitment of monocytes early during atherogenesis. In vitro, oxidized LDL increases SELP mRNA and P-selectin protein in human aortic endothelial cells. 31 Whether and if so how modified forms of LDL increase human P-selectin in aortic endothelial cells in vivo remains to be determined. TNF-α and IL-1β, which initiate nuclear factor-κB signaling pathways, 40 upregulate expression of murine Selp and Sele but downregulate expression of human SELP. 25, 35 These cytokines are found in human atheromas. 41, 42 Their presence in developing murine atheromas 14 may explain the progressive increase in transcripts for Selp and Sele, but not SELP, in aortas of Apoe −/− Selp +/− TgSELP +/− mice on the Western diet ( Figure 5 ). Indeed, Apoe −/− mice fed standard chow upregulate Selp transcripts in aortas during atherogenesis. 43 Apoe −/− mice formed larger, macrophage-rich lesions than Apoe −/− Selp −/− TgSELP +/− mice (Figures 1-3) , perhaps in part because Apoe −/− mice expressed murine P-selectin from Selp on both alleles, whereas Apoe −/− Selp −/− TgSELP +/− mice expressed human P-selectin from SELP on only 1 allele. The progressive increase in murine Selp transcripts on the Western diet may further increase atherogenesis.
Human P-selectin on both platelets and endothelial cells is required to augment atherogenesis ( Figure 6 ). We did not detect platelet markers in atheromas of Apoe −/− Selp −/− TgSELP +/− mice (Figure 4 ). However, interactions of activated platelets with prelesional arterial endothelial cells may be transient. Activated platelets might bind to monocytes or monocyte fragments that first adhere to endothelial cell P-selectin. In venules, interactions of P-selectin on activated platelets with P-selectin glycoprotein-1 on adherent leukocytes mobilize endothelial cell P-selectin from Weibel-Palade bodies to the cell surface. 44 A similar mechanism could operate in arteries. Moreover, products released from adherent platelets may induce expression of other adhesion receptors or chemokines. 21 Deleting human P-selectin on either platelets or endothelial cells significantly reduced atherogenesis, suggesting that both cell types contribute equally ( Figure 6 ). In contrast, deleting murine P-selectin on nonhematopoietic cells reduces atherosclerosis much more than deleting murine P-selectin on hematopoietic cells. 19 This suggests that murine P-selectin on endothelial cells has the dominant role in atherogenesis. Progressive nuclear factor-κB-dependent expression of Selp in endothelial cells might explain this dominance.
Lesional macrophages in Apoe −/− mice were reported to express murine P-selectin, 22 which with murine P-selectin on platelets 19 may comprise the hematopoietic cell component to atherogenesis. Unexpectedly, we did not detect murine P-selectin in lesional macrophages of Apoe −/− mice ( Figure 4 ). We cannot explain this discrepancy. We did not observe human P-selectin in lesional macrophages of Apoe −/− Selp −/− TgSELP +/− mice (Figure 4 ), and P-selectin has not been detected in macrophages of human atheromas. 31, 34 In the absence of inflammation, resident macrophages from the peritoneum of wild-type or Selp −/− TgSELP +/− mice constitutively express murine or human P-selectin, 35, 45 which persisted in mice lacking apolipoprotein E ( Figure II in the online-only Data Supplement). However, inflammatory macrophages from the thioglycollate-challenged peritoneum of Apoe −/− or Apoe −/− Selp −/− TgSELP +/− mice did not express murine or human P-selectin ( Figure II in the online-only Data Supplement). Macrophages are heterogeneous 46 and arise from different tissues. [47] [48] [49] Further study is required to determine whether hyperlipidemia or inflammation induces some lesional macrophages to express murine or human P-selectin during atherogenesis.
Genes encoding many adhesion receptors and chemokines have conserved nuclear factor-κB-responsive elements in humans, mice, and other mammals. Why these elements have diverged in the SELP promoters of humans and other primates remains unclear. Nevertheless, our results offer strong support for the role of P-selectin in human atherogenesis. Therapies that target pathological expression or function of human P-selectin might prevent or limit progression of this disease, which remains a major health challenge across the world.
